Mutation studies have identified a region of the S5-S6 loop of voltage-gated K+ channels (P region) responsible for tetraethylammonium (TEA) block and permeation/selectivity properties. We previously modeled a similar region of the Na+ channel as four j8-hairpins with the C strands from each of the domains forming the external vestibule and with charged residues at the a-turns forming the selectivity filter. However, the K+ channel P region amino acid composition is much more hydrophobic in this area. Here we propose a structural motif for the K+ channel pore based on the following postulates (Kv2.1 numbering Voltage-gated K+, Na+, and Ca2+ channels are integral membrane proteins that are members of a large ion channel family with pores that can discriminate strongly between cations and simultaneously permit very large transport rates. No direct structural information from crystallography or NMR is available or likely to be available in the near future to assist in our understanding of the physical basis of pore selectivity, but, because high-resolution biophysical measurement techniques can be combined with mutagenesis experiments, predictions of likely folding are possible. The value of structural models lies in the hypotheses that emerge to direct further experiments.
C ends of hairpins form the inner walls of the pore. (iv) They are extended nonregular strands with backbone carbonyl oxygens of segment VGYGD facing the pore with the conformation BRLRL. (v) Juxtaposition of P loops of the four subunits forms the pore. Fitting the external and internal TEA sites to TEA molecules predicts an hourglass-like pore with the narrowest point (GYG) as wide as 5. 5 A, suggesting that selectivity may be achieved by interactions of carbonyls with partially hydrated K+. Other potential cation binding sites also exist in the pore.
Voltage-gated K+, Na+, and Ca2+ channels are integral membrane proteins that are members of a large ion channel family with pores that can discriminate strongly between cations and simultaneously permit very large transport rates. No direct structural information from crystallography or NMR is available or likely to be available in the near future to assist in our understanding of the physical basis of pore selectivity, but, because high-resolution biophysical measurement techniques can be combined with mutagenesis experiments, predictions of likely folding are possible. The value of structural models lies in the hypotheses that emerge to direct further experiments.
For example, Guy and colleagues (1) suggested an important role for the region in Na+ channels between the fifth and sixth membrane-spanning segments. This area, which is now called the P loop, has been confirmed as central to the pore of voltage-gated channels.
We recently developed a molecular model of the binding site for tetrodotoxin and saxitoxin in the external vestibule of the voltage-gated Na+ channel (2) . That vestibule model has four antiparallel (3-hairpins formed from the P loops of domains I-IV. A narrow region at the bottom of the vestibule is formed by side chains of residues located in the (3-turns of the four (3-hairpins (Asp-384, Glu-942, Lys-1422, and Ala-1714; BrIIA numbering). This region was found to be a suitable candidate for the structure of the Na+ channel selectivity filter, with the carboxyl residues of Asp and Glu interacting with permeating monovalent cations. Although the highly conserved P loops of the voltage-gated K+ channel also participate in the formation of the pore (3) (4) (5) , it is unlikely that selectivity is achieved in the same way as for Na+ channels since K+ channel loops contain predominately hydrophobic residues. The K+ channel distinguishes between ions more effectively than other cationselective channels (6) . It behaves as a long, multi-ion pore (7) , exhibiting anomalous mol fraction behavior with K+ and Na+ (8) , and in the absence of K+ conducts Na+ (9) .
The voltage-gated K+ channel subunit genes encode 400-700 amino acids, with four subunits assembled into a functional channel. Particular attention has been paid to the P loop, a stretch of 19 amino acids between two Pro residues (10, 11), which mutagenesis experiments have shown to be in the ion permeation path (12) . Alignment for Shaker B (13) and the mammalian Shab-like channel Kv2.1 (14) , which are representative of the class, is shown. Site-directed mutagenesis of the P region has also identified residues involved in external and internal TEA binding (17, 18) , encouraging Yool and Schwarz (12) to propose a molecular arrangement of the K+ channel pore as an eight-stranded (3-barrel. Different models of (B-barrels have been suggested using molecular mechanics calculations (19) (20) (21) . In these models, alternating side chains from both (-strands of each }3-hairpin project toward the center of the (3-barrel with the narrowest region between the side chains of Tyr-376 associating with the K+ ions through cation-X-orbital interactions (22) .
Recent site-directed mutagenesis data on the P regions do not confirm the (3-barrel model of the pore (23) (24) (25) . Alternatively, Guy and Durell (26) have proposed a helical hairpin motif with the backbone carbonyls of the residues responsible for selectivity placed in a short loop connecting two external a-helices. Our structural motif is derived by constructing the outside and inside TEA binding sites and by determining the orientation of the intervening pore residues in an extended strand. The resulting pore model is lined with five rings of carbonyl oxygens with the narrowest region optimal for interaction with a partially hydrated K+. A brief report was presented in abstract form (27 (17) and 100-fold (28) , respectively. Moreover, there is a linear relationship between the free energy for TEA blockade and the number of subunits containing Tyr residues in the appropriate position, indicating that four residues of Tyr interact simultaneously with one TEA to produce a highaffinity binding site (28) (29) (30) . This is most likely a consequence of favorable interactions between TEA and aromatic ir-rings (31, 32) .
TEA is a densely packed rectangular molecule with dimensions of about 8 x 8 x 6 A, and it most likely interacts with the channel at its four symmetrical sides, as proposed by Heginbotham and MacKinnon (28) . If a rigid site is assumed, then tetramethylammonium is too small to interact satisfactorily with the four Tyr, and tetrapentylammonium is too large to fit well (28) . TEA binding can also be modestly affected electrostatically by residue 431 (Kvl.1) (17), placing this residue near, but not within, the binding site.
The internal TEA site is more complex; mutagenesis data point to involvement of S6 residues (33, 34) as well as residues in the S4-S5 loop (35) . Considering only the P region, when Met-440 was replaced with Ile, TEA sensitivity was reduced 54-fold in Shaker (36) . In addition, mutation of Thr-441 to Ser reduced TEA affinity 10-fold (18) , while mutation of the Thr residues adjacent to the dipeptide Met-Thr did not influence TEA block for Shaker (36) . These interactions require a site quite different from the external TEA site because of the absence of aromatic side chains. We formed the inner mouth of the narrow pore by the neighboring side chains of Met-371 and Thr-372, such that the S-CH3 group of Met and the additional CH3 group of Thr interact with TEA.
(ii) P Regions Form Extended Hairpins with 13-Turns in the Sequence ITMT (369-372). The presence of residues involved in external and internal binding of TEA by the same P loop of S5-S6 requires the peptide chain to extend into the membrane and return to the external surface. Consequently, some sort of reverse turn within this peptide chain near the intracellular pore entrance is required. The internal binding site appears to be about 15% into the electric field from the inside surface (18) , so the P loop must span about 85% of the electric field. Although the physical distance involved in this field change is unknown, we can follow the suggestion of Yellen et al. (18) that the pore is "30 A long. This agrees with older biophysical studies reporting "long pore" behavior, with more than one K+ site (7) . If this short 19-amino acid strand is folded into a hairpin of such length, it is likely to exist in an extended conformation.
The reverse turn was designed to include Met-371 and Thr-372, which are in the middle of the P loop. In order for them to participate in the binding of internal TEA, the dipeptide Met-Thr side chains must face the internal entrance of the pore. If they are placed in positions i + 2 and i + 3 of the 13-turn, their side chains will be directed toward the pore where they can interact with TEA (type III 13-turn). In addition, this directs residues at i + 1 (Thr) and i + 4 (Thr) away from the pore, where they do not interact with TEA, which is consistent with mutation data (36) . The reverse 1-turn from i to i + 3 (37) is then formed by the sequence Ile-ThrMet-Thr, and the hairpin may contain two extended strands, residues Ala-362 to Ile-369 on the N end and residues Thr-372 to Tyr-380 on the C end. This places residues 361-362 (Pro, Ala) and 380 (Tyr) at the external mouth of the pore and residues at 371-372 (Met, Thr) at the internal mouth.
(iii) Only C Ends of Hairpins (Residues 371-380) Form the Inner Walls of the Pore, While the N Ends (Residues 362-369) Are Outside the Pore. Residues at the extreme N and C ends of the presumptive hairpin have been mutated to Cys in Kv2.1 (24) and Shaker (25) . P361C, I379C, and Y380C (Kv2.1) reacted with the sulfhydryl-specific reagent SCH2CH2N(CH3)3+ (24) . Likewise, Shaker channels mutated at analogous positions (P430C, M448C, and T449C) were sensitive to the thiol-reactive monovalent Ag+ (25) . Data freedom; for such residues only values of qf(Cc -C') in the limits 0-170°on the Ramachandran plot are allowed (39) , and a right a-helical conformation is no longer possible.
Using these constraints for Val-374, Tyr-376, and Tyr-380, which otherwise have a high probability to accept a }3-strand conformation, and also the constraints for Gly-375 and Gly-377 previously discussed, we suggest a reasonable model for the structure of the C strand according to the following logic. First the dipeptide unit Met-371, Thr-372 in positions i + 2 and i + 3 of the ,3-turn probably adopts the conformational state RB in order for side chains to face the pore, as discussed for the 13-hairpins of the Na+ channel (2) . Because Val-374 likely exists in conformation B and Thr-373 does not participate in TEA binding and permeation, then the peptide chain Met-Thr-ThrVal can be described by the conformation RBBB. The conformation RB is appropriate for the dipeptide Ile-379, Tyr-380 because Tyr precedes Pro and both side chains participate in formation of the external mouth of the channel (24) .
The selectivity property of the K+ channel is intimately associated with the triad of residues Gly-Tyr-Gly, but the side chains of Tyr-376 and neighboring residues Val-374 and Asp-378 should face away from the lumen to be consistent with mutation data (23) . This is achieved if the carbonyl oxygens of the residues Val-Gly-Tyr-Gly-Asp are directed toward the pore. Proline induces conformational restrictions for Gly of R or B, for Tyr of B or L, and for Val of B. The only conformational sequence for the pentapeptide with these constraints that allows the carbonyl oxygens to face the pore and the side chains to face away is BRLRL. In this conformation the angles of rotation, -(C N) and t,(Ca -C'), for the corresponding amino acid residues are -111.5 and 81.3, -83.0 and -83.3, 63.6 and 119.7, -91.4 and -47.7, and 52.5 and 67.6. Now the entire sequence 371-380 on the C-end strand of the P region (MTTVGYGDIY) has the nonregular extended conformation RBBBRLRLRB. This arrangement is necessary to place side chains of residues at the internal and external ends facing toward the pore and side chains of residues in the center away from the pore. The total distance between the C" atoms of the ends is -27 A, and the N-end strand (362-370) can be expected to be the same length. There are insufficient experimental data to determine the N-end strand conformation, so we have modeled it as a 13-strand to allow for close packing with the C-end residues.
(v) Juxtaposition of P Loops of Four Subunits Forms a 27-A-Long Pore; Its Narrowest Point (GYG) May Be the Selectivity Filter of the K+ Channel. Four hairpins of the separate P loops, configured as described above, were combined around two molecules of TEA, which form blocking complexes with the external and the internal mouth of the pore. Rotational four-fold symmetry was preserved, and as a consequence the N-end strands face away while the residues of the C-end strands provide the lining of the pore (Fig. 1A) . In the external binding site TEA is surrounded by planes of the aromatic rings of the four residues Tyr-380 at the distances of 1On the Ramachandran conformational plot 4)(Ca N) -q(Ca C') of amino acid residues (36), angles < 0°and qi < 0°correspond to the region R, including the state of the right-handed a-helix, angles > 00 and i/ > 0°correspond to region L (the state of the left-handed a-helix), and < 0°and > 0°correspond to region B, corresponding to /3-structures. Therefore, we note the corresponding conformational states by the symbols R, L, and B.
van der Waals contact (Fig. 1B) . For the internal TEA binding site, TEA is surrounded by the side chains of Thr-372 and Met-371, with the primary interaction with S-CH3 groups of the Met side chains (Fig. IC) .
This arrangement of hairpins of the four subunits determines the spacing of the narrow connecting pore, lined by the backbone carbonyl oxygens of sequences Val-Gly-Tyr-Gly-Asp from each C strand. The amino acid side chains are not directed inside the pore but interact with neighboring hairpins. The optimal arrangement of the four P regions complexed with TEA was determined by avoiding van der Waals repulsions of residues of neighboring hairpins using the INSIGHT and DISCOVER graphical environment (Biosym Technologies, San Diego). Close packing of side chains of the hairpins was possible.
The four-fold symmetry of the pore yields five rings of four carbonyl oxygens derived from the residues Val-Gly-Tyr-GlyAsp and from each of the four subunits (Fig. 2 A and B) , forming a long, narrow pore. The narrowest ring was formed by the four carbonyl oxygens of Gly-375 ( Fig. 2A) . Using the first choice of backbone angles, this ring had a diameter of 5.5 A. Diameters of Asp-378 and Val-374 rings were 7.5 A, and the 15-A length of the hourglass-like region offers several putative binding sites for monovalent ions. Not surprisingly, small changes in the construction or substitution of other residues (through close packing) could change the diameter, as expected from experiment (23, 40, 41) . These characteristics make the carbonyl rings a candidate for the selectivity filter of K+ channels. The carbonyl oxygen lining resembles that of the gramicidin A channel (42, 43) in that alternation of the conformational states R and L of residues in the pore of the K+ channel produces the same effect as alternation of the absolute L and D configurations in the case of gramicidin A.
Discussion
Extensive mutation studies of the strongly conserved P loop of the voltage-gated K+ channel, along with complementary biophysical data, have enabled us to develop a general structural motif for the channel pore. The model predicts a long pore with multiple cation binding sites composed of rings of carbonyl oxygens and with TEA binding sites at each end. The pore lining is composed mainly of an extended nonregular conformation of the C ends of hairpins, and the backbone angles were derived from constraints imposed by successful Pro substitution for Gly in a critical region. The modeled pore is wider than that of biophysical predictions of 3.5 A (6) , inviting speculation about the selectivity process of this channel.
Recent reports of residues involved in external toxin binding provide support for the locations we have assigned to these residues on the channel surface. For Kv1.3, Aiyar et al. (44) estimated the distance between Asp-386 (Ala-362 in Kv2.1) on the N end to be 7-9 A farther from the central pore axis than His-404 (Tyr-380 in Kv2.1) on the C end, while the distance between opposing His-404 residues was [8] [9] [10] [11] [12] A. The total distance between opposing subunit Asp-386 residues was [22] [23] [24] [25] [26] A. Calculated distances in our model are about 9, 10, and 26 A, respectively (Fig. 3) . A similar analysis of the distance between corresponding Asp-431 residues of Shaker by Hidalgo and MacKinnon (45) was [22] [23] [24] [25] [26] [27] [28] A, based on binding of agitoxin. These distance measurements support the conclusion that the P loops are not folded as a 13-barrel at the outer mouth of the channel and that the residues on the N ends are distant from the pore. Moreover, Kirsch et al. (46) found that the mutation D378T (Kv2. form pore inner walls. In contrast to the outer TEA site, the inner one easily adapts to larger ammonium ions (47) .
This model predicts that the pore is lined by rings of carbonyl oxygens and accommodates K+ ions surrounded by one hydration shell (K-6H2O, Fig. 2C ). In the model the carbonyl oxygens of the GYG sequences substitute for the outermost waters of hydration, thereby reducing energy of dehydration of the ion. The proposed interaction of cations with the ring(s) of four carbonyl oxygens through water bridges provides a weak binding site that corresponds in Eisenman's theory to a free energy of binding for Na+ that is about 5 kcal/mol (1 kcal = 4.18 U) higher than for K+ (48) . This value is significantly less than the difference in hydration energies of about 20 kcal/mol (6), permitting effective discrimination between K+ and Na+ in the presence of both ions. In favor of this suggestion is simultaneous permeation of monovalent cations with larger radii and correspondingly lower energies of hydration (6) . Selectivity of the K+ channel would be explained by competition between the partially hydrated ions of K+ and Na+ (9) . Although the K+ channel pore might narrow to the diameter of the unhydrated diameter of the K+, Cs+, and Rb+ ions (about 3.5 A), this may not be necessary. This model also offers several cation binding sites, as expected for a K+ channel. Electrostatic repulsion represents a problem for multiple ion occupancy, but the larger number of water molecules that can fit into the model pore might help to dissipate the fields. In contrast, the selectivity filter of the Na+ channel contains two carboxyl groups (Asp-384 and Glu-942), which dehydrate Na+ (2, 49). The Na+ channel corresponds to a strong field strength site of the Eisenman ion-exchange sequence, whereas the K+ channel, using carbonyl groups, corresponds to a weak field strength site. The general structural motif proposed here may be useful as a framework for further study of the selectivity mechanism.
